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COM Formation on Ices 
Ø Many COMs form 
efficiently on IS ices
Ø Difficult to constrain
ice abundances
observationally
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Shock Chemistry
Ø Shocks: A wave propagating faster than sound speed
Ø Effects:
Ø Rapidly heat gas
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Shock Chemistry
Ø Transient features may explain 
discrepancies (e.g.
observations/models) 
or variations between 
sources
Ø COMs where there 
shouldn’t be
Ø Complex regions like
Orion KL
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Ø L1157-B1 & B2: 
recent shock 
events
Ø B1: warmer and younger shock
Tkin~ 80-100 K, tshock ∼ 2000 yr
Ø B2: cooler and older shocker
Tkin∼ 20-60 K, tshock ∼ 4000 yr
(Gueth, Guilloteau & Bachiller
1996; Tafalla & Bachiller 1995; 
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Observational Predictions
Ø Gas-phase CH3OH globally 
enhanced through shocks
Ø Recent history of source may 
be important
Ø HNCO & other enhancement 
in post-shock gas
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More complexity in L1157!
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ABSTRACT
We report on a systematic search for oxygen-bearing complex organic molecules (COMs) in
the solar-like protostellar shock region L1157-B1, as part of the IRAM Large Program ‘Astro-
chemical Surveys At IRAM’. Several COMs are unambiguously detected, some for the first
time, such as ketene H2CCO, dimethyl ether (CH3OCH3) and glycolaldehyde (HCOCH2OH),
and others firmly confirmed, such as formic acid (HCOOH) and ethanol (C2H5OH). Thanks
to the high sensitivity of the observations and full coverage of the 1, 2 and 3 mm wavelength
bands, we detected numerous (∼10–125) lines from each of the detected species. Based on
a simple rotational diagram analysis, we derive the excitation conditions and the column
densities of the detected COMs. Combining our new results with those previously obtained
towards other protostellar objects, we found a good correlation between ethanol, methanol and
glycolaldehyde. We discuss the implications of these results on the possible formation routes
of ethanol and glycolaldehyde.
Key words: astrochemistry – stars: formation – ISM: abundances – ISM: jets and outflows –
ISM: molecules.
1 IN T RO D U C T I O N
There is now substantial observational evidence that protostellar
shocks can significantly alter the chemical composition of the
medium in which they propagate. Thanks to its remarkably bright
molecular line emission, the region L1157-B1 (d = 250 pc; Looney,
Tobin & Kwon 2007) has been the privileged target of many ob-
servational studies to investigate the physical and chemical prop-
erties of protostellar shocks. Gueth, Guilloteau & Bachiller (1996)
showed that the L1157-B1 shock was caused by the high-velocity,
precessing jet driven by the low luminosity Class 0 source L1157-
mm (L ∼ 4 L⊙). Following the pioneering study of Bachiller
& Perez-Gutierrez (1997), Arce et al. (2008) reported the detec-
tion of a few complex organic molecules (COMs): methyl formate
(HCOOCH3), methyl cyanide (CH3CN), ethanol (C2H5OH) and
formic acid (HCOOH).
Since then, individual studies have reported the presence of vari-
ous organic species in that region (e.g. Codella et al. 2010). Codella
et al. (2009) proved unambiguously that CH3CN was associated
⋆ E-mail: bertrand.lefloch@univ-grenoble-alpes.fr
with the shock itself. More recently, Mendoza et al. (2014) have re-
ported the detection of formamide (NH2CHO), with an abundance
ranging among the highest values ever reported in molecular clouds
(Bisschop et al. 2007; Lopez-Sepulcre et al. 2015). This detection
raises the question of the molecular complexity that is ultimately
reached in protostellar shocks and the nature of the involved chemi-
cal processes, either in the gas phase or at the surface of dust grains.
L1157-B1 was observed as part of ‘Astrochemical Surveys At
IRAM’ (ASAI)1 with the IRAM 30-m telescope to investigate the
feedback of shocks on the molecular gas. In this Letter, we present
and discuss the results of our search for oxygen-bearing COMs.
From a highly sensitive, unbiased spectral line survey of the 72–
350 GHz band, we have obtained a comprehensive census of the
COM content in L1157-B1. The detected lines span a wide range
of excitation, with Eup ranging from about 5 K up to 40–180 K,
and spontaneous emission coefficients Aij, from 10−6 s−1 to a few
10−4 s−1, depending on the species. This has allowed us to deter-
mine with unprecedented accuracy the excitation conditions and
abundances of these species in L1157-B1.
1 http://www.oan.es/asai/
C⃝ 2017 The Authors
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Figure 1. Montage of detected transitions from the different O-bearing COMs detected towards L1157-B1. Intensities are expressed in units of T ∗A. The red
dashed line marks the ambient cloud velocity vlsr = +2.6 km s−1. Predicted line intensities in the local thermodynamic equilibrium regime and based on our
rotational diagram analysis are shown in red.
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Other Observational Predictions
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Figure 4. Normalized line-to-continuum ratio maps (generated by computing the ratio of the PdBI zeroth-order moment maps from Fig. 3 with respect to the
1 mm continuum emission, relative to the value of the ratio at the 1 mm peak so that all figures show a comparable scale). The star symbol marks the position
of the 1.4 mm peak from Cesaroni et al. (2014, also shown in Fig. 2a) and the red ellipse indicates the H2 knot tracing the outflow cavity (Cesaroni et al. 2013,
marked also in Fig. 3a). See Table 3 for further details about the physical conditions (abundance/temperature) that each line-to-continuum ratio map is probably
tracing.
We define a factor F that includes the dependence of the normal-
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Taking into account that the dependence of the partition function
with Tex for symmetric and asymmetric top molecules is propor-









k (1/Tdisc−1/Toutf ). (3)
We note that the assumption Tex ∼ Tdust should be valid as a first
approach because what is relevant to estimate F is the ratio of those
temperatures at the disc and outflows positions, and it is likely that
both temperatures decrease in a similar way from one position to
the other. We further discuss this assumption in Section 5.1.
Thus, if F ∼ 1, the normalized line-to-continuum ratio will trace
the abundance variation between the disc and outflow positions. But
if F is of the order of the normalized line-to-continuum ratio, this
ratio will be a temperature tracer rather than an abundance tracer.
Since we have modelled the emission of the detected molecules at
the disc and outflow positions using XCLASS, we can have a first
estimate of F for the transitions for which we have imaged the
line-to-continuum ratio. The values of F for these transitions are
reported in Table 3, along with the observed peak of the normalized
line-to-continuum ratio.
Table 3 shows that the observed normalized line-to-continuum
ratio is very similar to the F factor for HNCO, CH2CO, HCOOH and
CH3COCH3, indicating that the variations in the line-to-continuum
map might be due to different temperatures in these cases. On the
contrary, for the case of H213CO, CH3OCH3 and, to a less extent,
HCOOCH3,9 the observed ratio is still larger by more than a factor
9 Strictly speaking, also CH3CN v8 = 1 presents a large difference between
the observed normalized line-to-continuum ratio and the F factor, but we
avoid its discussion here because the modelling of CH3CN required two
components, making its interpretation more difficult.
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NAUTILUS Models
 Study chemical evolution after shock passage (10-106 year)
 Test predictions made in L1157 Observational Paper
 Make predictions of the chemical evolution of tracers in 
post-shock gas
 Goals:
 Incorporate Physical Conditions of Shocks (Tgas, Tdust, nH2, AV)
 Incorporate High temperature Network
 Incorporate Non-thermal desorption (e.g. Sputtering)
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NAUTILUS Models – Rough Scheme
Regime 1:
Standard dark cloud conditions, 
build chemical complexity on ice
• T = 10 K
• n = 5X104 cm-3
• t = 106 yrs
Regime 2:
Shock occurs, liberating 
species, shock-chemistry
• See next slide
Regime 3:
Shock passes, with density 
increased temporarily
• T = 10 K
• n = 5X105 cm-3
• t > 105 yrs
Andrew Burkhardt ISMS 2017
NAUTILUS Models – Physical Cond.
Goals:
 Incorporate Physical Conditions of Shocks
 Parametric treatment
approx structure over chemically-relevant timescales
 Matched to robust MHD simulations
 nH2 & Av scale w/ standard jump conditions
 Radiative/collisional dust heating
 Incorporate High temperature Network
 Incorporate Non-thermal desorption 
(Sputtering)
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of SiO from the cores cannot reproduce the lower SiO abun-
dances of ∼10−11 found in the narrow precursor component of
L1448-mm.
Calculations of the sputtering yield of silicon by heavy atoms
like C, O, Si, and Fe on SiO2 and olivine (MgFeSiO4) cores show
that, despite the low relative abundances of these species with re-
spect to H2 and He in dark clouds, these heavy particles can dom-
inate the sputtering of grains at low shock velocities (Field et al.
1997; May et al. 2000). Furthermore, abundant molecules like
CO could also play an important role in the sputtering of dust
grains, since these species can sputter like atoms of equivalent
mass for low impact velocities (May et al. 2000). Considering
that silicon could be a minor constituent of the mantles, their
sputtering by these heavy species in low-velocity shocks could
efficiently erode them, generating the SiO abundances observed
for the narrow SiO line emission in L1448-mm. Up to now, the
evolution of the sputtering of grains has not been studied in de-
tail. The questions of which species are the most efficient sput-
tering agents and which timescales are needed to eject most of
the silicon material from grains still remain uncertain.
In this paper, we present a parametric model of C-shocks to
describe in detail the time dependent evolution of the olecu-
lar abundances sputtered from grains in low and high-velocity
shocks. This approximation constitutes a powerful tool for inter-
preting the molecular abundances measured in young molecular
outflows. In addition to H2 and He, heavy atoms and molecules
have been also considered as sputtering agents. In Sect. 2, we
present the approximations used to describe the steady state pro-
file of the physical structure of C-shocks. In Sect. 3, we show
the procedure for determining the sputtering of the grain man-
tles and the grain cores. In Sect. 4, we present the results of the
sputtering of silicon from grains for several initial gas densities
and shock velocities. In Sects. 5 and 6, we compare the sputtered
SiO, CH3OH, and H2O abundances with those measured in the
L1448-mm outflow. The conclusions are finally summarised in
Sect. 7.
2. The C-shock structure in the preshock frame
We consider a plane-parallel C-shock that propagates through
the quiescent gas with velocity vs. As a first approximation, we
have assumed steady state profiles for the evolution of the phys-
ical parameters in the shock. The validity of this approximation,
versus more recent time-dependent modelling of the physical
structure of C-shocks, will be discussed in detail in Sect. 4.1.
The initial H2 density and temperature of the ambient cloud
are n0 and T0, respectively. Since one of the aims of this work
is to directly compare our results with observations toward the
young L1448-mm outflow, it is convenient to consider that the
velocities of the ion and neutral fluids, vi and vn, are in the frame
co-moving with the preshock gas. These velocities are approxi-
mated by






where z is the spatial coordinate and the zn/zi ratio governs the
strength of the velocity decoupling between the ion and neutral
fluids. The variable z0 corresponds to the distance at which these
fluids start to decouple (see Sect. 4.1 for details on how to es-
timate these parameters). An additional velocity, v0, also needs
to be considered in the equations for vn and vi to avoid infinite
compression of the far downstream gas (see Eq. (3) below). The
variable v0 depends on the shock parameters and is defined as
the final downstream velocity of the ion and neutral fluids in the
shock frame (in the preshock frame, this final velocity would be
vs − v0; see Sect. 4.1). As shown in Appendix A, this velocity
is tightly linked to the shock and Alfvén velocities, vs and vA,
through shock jump conditions.
The ion-neutral drift speed vd is vd = |vn − vi|, and the neutral












The temperature of the neutral fluid, Tn, is approximated by a
Planck-like function as
Tn = T0 +
[aT (z − z0)]bT
exp [(z − z0)/zT] − 1
(4)
where bT is an integer, and aT and zT are related to the maximum
value of Tn (Tn,max) and the distance zn,max at which Tn reaches
its maximum value. The temperature of the ion fluid is calculated






The comparison of the model predictions with observations
(Sects. 5 and 6) requires consideration of the radial velocity of
the preshock gas (ambient cloud gas) relative to the observer, vcl.
This velocity, the radial velocity of the emission measured by the
observer, vLSR, and the velocity of the neutral fluid as measured
in the frame of the ambient medium, vn, are related by
vLSR = vcl + vn. (5)
In Appendix A, we also give the equations for vn, vi, and nn
within the frame of the shock (see Eqs. (A.1) and (A.5)) that will
be used in Sect. 4.1 to validate this parametric approximation.
3. Sputtering of grains
In this section, we describe the sputtering of grains produced by
collisions with H2 and He and other heavy atomic and molecular
species such as C, O, Si, Fe, and CO (see Appendix B for the
full explanation of the method). Although we consider that most
silicon is locked into the olivine grain cores, we assume that a
small fraction of this element is also present within the icy water
mantles (qm = 1.4×10−4; see below). The molecule CH3OH has
been also considered as another constituent of the icy mantles.
3.1. Sputtering of the grain mantles
To study the sputtering of the grain mantles, we followed the
procedure described by Caselli et al. (1997). The sputtering
rate per unit volume and grain (Eq. (B.1) in Appendix B) has
been derived by averaging the sputtering yield at low energies
(Eq. (B.2)) over a velocity-shifted Maxwellian distribution char-
acterised by Tn and vd. The surface binding energy U0 of the
water mantles is 0.53 eV (Tielens et al. 1994). The projectile
masses mp are 2, 4, 12, 16, 28, 56, and 28 amu for H2, He, C,
O, Si, Fe, and CO, respectively. The target mass Mt is consid-
ered to be 18 amu, which corresponds to the molecular mass
of H2O. The initial fractional abundances of He, C, O, Si, Fe,
and CO, relative to atomic hydrogen, are shown in Table 1. We
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of SiO from the cores cannot reproduce the lower SiO abun-
dances of ∼10−11 found in the narrow precursor component of
L1448-mm.
Calculations of the sputtering yield of silicon by heavy atoms
like C, O, Si, and Fe on SiO2 and olivine (MgFeSiO4) cores show
that, despite the low relative abundances of these species with re-
spect to H2 and He in dark clouds, these heavy particles can dom-
inate the sputtering of grains at low shock velocities (Field et al.
1997; May et al. 2000). Furthermore, abundant molecules like
CO could also play an important role in the sputtering of dust
grains, since these species can sputter like atoms of equivalent
mass for low impact velocities (May et al. 2000). Considering
that silicon could be a minor constituent of the mantles, their
sputtering by these heavy species in low-velocity shocks could
efficiently erode them, generating the SiO abundances observed
for the narrow SiO line emission in L1448-mm. Up to now, the
evolution of the sputtering of grains has not been studied in de-
tail. The questions of which species are the most efficient sput-
tering agents and which timescales are needed to eject most of
the silicon material from grains still remain uncertain.
In this paper, we present a parametric model of C-shocks to
describe in detail the time dependent evolution of the molecu-
lar abundances sputtered from grains in low and high-velocity
shocks. This approximation constitutes a powerful tool for inter-
preting the molecular abundances measured in young molecular
outflows. In addition to H2 and He, heavy atoms and molecules
have been also considered as sputtering agents. In Sect. 2, we
present the approximations used to describe the steady state pro-
file of the physical structure of C-shocks. In Sect. 3, we show
the procedure for determining the sputtering of the grain man-
tles and the grain cores. In Sect. 4, we present the results of the
sputtering of silicon from grains for several initial gas densities
and shock velocities. In Sects. 5 and 6, we compare the sputtered
SiO, CH3OH, and H2O abundances with those measured in the
L1448-mm outflow. The conclusions are finally summarised in
Sect. 7.
2. The C-shock structure in the preshock frame
We consider a plane-parallel C-shock that propagates through
the quiescent gas with velocity vs. As a first approximation, we
have assumed steady state profiles for the evolution of the phys-
ical parameters in the shock. The validity of this approximation,
versus more recent time-dependent modelling of the physical
structure of C-shocks, will be discussed in detail in Sect. 4.1.
The initial H2 density and temperature of the ambient cloud
are n0 and T0, respectively. Since one of the aims of this work
is to directly compare our results with observations toward the
young L1448-mm outflow, it is convenient to consider that the
velocities of the ion and neutral fluids, vi and vn, are in the frame
co-moving with the preshock gas. These velocities are approxi-
mated by






where z is the spatial coordinate and the zn/zi ratio governs the
stre gth of the velocity decoupling between the ion and neutral
fluids. The variable z0 corresponds to the distance at which these
fluids start to decouple (see Sect. 4.1 for details on how to es-
timate these parameters). An additional velocity, v0, also needs
to be considered in the equations for vn and vi to avoid infinite
compression of the far downstream gas (see Eq. (3) below). The
variable v0 depends on the shock parameters and is defined as
the final downstream velocity of the ion and neutral fluids in the
shock frame (in the preshock frame, this final velocity would be
vs − v0; see Sect. 4.1). As shown in Appendix A, this velocity
is tightly linked to the shock and Alfvén velocities, vs and vA,
through shock jump conditions.
The ion-neutral drift speed vd is vd = |vn − vi|, and the neutral












The temperature of the neutral fluid, Tn, is approximated by a
Planck-like function as
Tn = T0 +
[aT (z − z0)]bT
exp [(z − z0)/zT] − 1
(4)
where bT is an integer, and aT and zT are related to the maximum
value of Tn (Tn,max) and the distance zn,max at which Tn reaches
its maximum value. The temperature of the ion fluid is calculated






The comparison of the model predictions with observations
(Sects. 5 and 6) requires consideration of the radial velocity of
the preshock gas (ambient cloud gas) relative to the observer, vcl.
This velocity, the radial velocity of the emission measured by the
observer, vLSR, and the velocity of the neutral fluid as measured
in the frame of the ambient medium, vn, are related by
vLSR = vcl + vn. (5)
In Appendix A, we also give the equations for vn, vi, and nn
within the frame of the shock (see Eqs. (A.1) and (A.5)) that will
be used in Sect. 4.1 to validate this parametric approximation.
3. Sputtering of grains
In this section, we describe the sputtering of grains produced by
collisions with H2 and He and other heavy atomic and molecular
species such as C, O, Si, Fe, and CO (see Appendix B for the
full explanation of the method). Although we consider that most
silicon is locked into the olivine grain cores, we assume that a
small fraction of this element is also present within the icy water
mantles (qm = 1.4×10−4; see below). The molecule CH3OH has
been also considered as another constituent of the icy mantles.
3.1. Sputtering of the grain mantles
To study the sputtering of the grain mantles, we followed the
procedure described by Caselli et al. (1997). The sputtering
rate per unit volume and grain (Eq. (B.1) in Appendix B) has
been derived by averaging the sputtering yield at low energies
(Eq. (B.2)) over a velocity-shifted Maxwellian distribution char-
acterised by Tn and vd. The surface binding energy U0 of the
water mantles is 0.53 eV (Tielens et al. 1994). The projectile
masses mp are 2, 4, 12, 16, 28, 56, and 28 amu for H2, He, C,
O, Si, Fe, and CO, respectively. The target mass Mt is consid-
ered to be 18 amu, which corresponds to the molecular mass
of H2O. The initial fractional abundances of He, C, O, Si, Fe,
and CO, relative to atomic hydrogen, are shown in Table 1. We
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of SiO from the cores cannot reproduce the lower SiO abun-
dances of ∼10−11 found in the narrow precursor component of
L1448-mm.
Calculations of the sputtering yield of silicon by heavy atoms
like C, O, Si, and Fe on SiO2 and olivine (MgFeSiO4) co es show
that, despi e the low relativ abun ances of these specie with re-
spect to H2 and He in dark clouds, these heavy particles can dom-
inate the sputtering of grains at low shock velocities (Field et al.
1997; May et al. 2000). Furthermore, abundant molecules like
CO could also play an important role in the sputtering of dust
grains, since these species c n sputter like atoms f equivalent
mass for low impact velocities (May et al. 2000). Considering
that silicon c uld be a minor constituent of the mantles, their
sputtering by these heavy species in low-velocity shocks could
efficiently erode them, ge erating the SiO abundances observed
for the narrow SiO li e emission in L1448-mm. Up to now, th
evolution of he sputteri g f grains has not been studied in de-
tail. The questions of which species are the most effici nt sput-
tering agents and which timescales are needed to eject most of
the silicon material from grains stil remain uncertain.
In this paper, we present a parametric model of C-shocks to
describe in detail the time dependent evolution of the molecu-
lar abundances sputtered from grains in low and high-velocity
shocks. This approximation constitutes a powerful tool for inter-
preting the molecular abundances measured in young molecular
outflows. In addition to H2 and He, heavy atoms and molecules
have been also considered as sputtering agents. In Sect. 2, we
present the approximations used to describe the steady state pro-
file of the physical structure of C-shocks. In Sect. 3, we show
the procedure for determining the sputtering of the grain man-
tles and the grain cores. In Sect. 4, we present the results of the
sputtering of silicon from grains for several initial gas densities
and shock velocities. In Sects. 5 and 6, we compare the sputtered
SiO, CH3OH, and H2O abundances with those mea ured in the
L1448-mm outflo . The conclusions are finally summarised in
Sect. 7.
2. The C-shock structure in the preshock frame
We consider a plane-parallel C-shock that propagates through
the quiescent gas with velocity vs. As a first approximation, we
have assumed steady state profiles for the evolution of the phys-
ical parameters in the shock. The validity of this approximation,
versus more recent time-dependent modelling of the physical
structure of C-sho ks, will be iscussed in detail in Sect. 4.1.
The initia H2 density a d t mpera ure f the ambient cloud
are n0 and T0, respectively. Since one of the aims of this ork
is to directly compare our results with observations toward the
young L1448-mm outflow, it is convenient to consider that the
velocities of the ion and neutral fluids, vi and vn, are in the frame
co-moving with the preshock gas. These velocities are approxi-
mated by






where z is the spatial coordinate and the zn/zi ratio governs the
strength of the velocity decoupling between the ion and neutral
fluids. The variable z0 corresponds to the distance at which these
fluids start to decouple (see Sect. 4.1 for details on how to es-
timate these parameters). An additional velocity, v0, also needs
to be considered in the equations for vn and vi to avoid infinite
compression of the far downstream gas (see Eq. (3) below). The
variable v0 depends on the shock parameters and is defined as
the final downstream velocity of the ion and neutral fluids in the
shock frame (in the preshock frame, this final velocity would be
vs − v0; see Sect. 4.1). As shown in Appendix A, this vel city
is tightly linked to the shock and Alfvén velocities, vs and vA,
through shock jump conditions.
The ion-neutral drift speed vd is vd = |vn − vi|, and the neutral












he temperature of the neutral fluid, Tn, is approximated by a
Planck-like function as
Tn = T0 +
[aT (z − z0)]bT
exp [(z − z0)/zT] − 1
(4)
where bT is an integer, and aT and zT are related to the maximum
value of Tn (Tn,max) and the distance zn,max at which Tn reaches
its maximum value. The temperature of the ion fluid is calculated






The comparison of the model predictions with observations
(Sects. 5 and 6) requires consideration of the radial velocity of
the preshock gas (ambient cloud gas) relative to the observer, vcl.
This velocity, the radial velocity of the emission measured by the
observer, vLSR, and the velocity of the neutral fluid as measured
in the frame of the ambient medium, vn, are related by
vLSR = vcl + vn. (5)
In Appendix A, we also give the equations for vn, vi, and nn
within the frame of the shock (see Eqs. (A.1) and (A.5)) that will
be used in Sect. 4.1 to validate this parametric approximation.
3. Sputtering of grains
In this section, we describe the sputtering f grains produced by
collisions with H2 and He and other heavy atomic and molecular
species such as C, O, Si, Fe, and CO (see Appendix B for the
full explanation of the method). Although we consider that most
silicon is locked into the olivine grain cores, we assume that a
small fraction of this element is also present within the icy water
mantles (qm = 1.4×10−4; see below). The molecule CH3OH has
been also considered as another constituent of the icy mantles.
3.1. Sputtering of the grain mantles
To study the sputtering of the grain mantles, we followed the
procedure described by Caselli et al. (1997). The sputtering
rate per unit volume and grain (Eq. (B.1) in Appendix B) has
been derived by averaging the sputtering yield at low energies
(Eq. (B.2)) over a velocity-shifted Maxwellian distribution char-
acterised by Tn and vd. The surface binding energy U0 of the
water mantles is 0.53 eV (Tielens et al. 1994). The projectile
masses mp are 2, 4, 12, 16, 28, 56, and 28 amu for H2, He, C,
O, Si, Fe, and CO, respectively. The target mass Mt is consid-
ered to be 18 amu, which corresponds to the molecular mass
of H2O. The initial fractional abundances of He, C, O, Si, Fe,
and CO, relative to atomic hydrogen, are shown in Table 1. We
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NAUTILUS Models – High T Network
Goals:
 Incorporate Physical Conditions of Shocks
 Incorporate High temperature Network
 High-temp reactions added 
by Harada et al. (2010) 
(contributions by Furuya, 
Acharyya, Hincelin, & others)
 Adopted most recent NAUTILUS, 
including 3-phase model
 Incorporate Non-thermal desorption 
(Sputtering)
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ABSTRACT
We present a new interstellar chemical gas-phase reaction network for time-dependent kinetics that can be used
for modeling high-temperature sources up to ≈800 K. This network contains an extended set of reactions based
on the Ohio State University (OSU) gas-phase chemical network. The additional reactions include processes
with significant activation energies, reverse reactions, proton exchange reactions, charge exchange reactions, and
collisional dissociation. Rate coefficients already in the OSU network are modified for H2 formation on grains,
ion–neutral dipole reactions, and some radiative association reactions. The abundance of H2O is enhanced at high
temperature by hydrogenation of atomic O. Much of the elemental oxygen is in the form of water at T ! 300 K,
leading to effective carbon-rich conditions, which can efficiently produce carbon-chain species such as C2H2. At
higher temperatures, HCN and NH3 are also produced much more efficiently. We have applied the extended network
to a simplified model of the accretion disk of an active galactic nucleus.
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1. INTRODUCTION
The gas-phase chemistry of interstellar molecules in cold
cores of dense interstellar clouds has been modeled for almost
40 years (Herbst & Klemperer 1973; Herbst & Millar 2008).
The models utilize time-dependent kinetics rather than ther-
modynamics because the chemistry is driven by non-LTE pro-
cesses such as cosmic-ray ionization and most reactions are
too slow to be of importance at the low temperatures, typi-
cally 10–20 K. In fact, the reactions contained in the model
networks for low-temperature studies must be exothermic or
thermoneutral and must not contain activation energy barri-
ers. These reactions are mainly ion–neutral, ion–electron, and
radical–neutral processes (see, e.g., http://www.udfa.net/ and
http://www.physics.ohio-state.edu/∼eric/). But the interstellar
medium is certainly not all cold. Elevated temperatures in the
interstellar medium can be obtained via a variety of processes
such as gravitational contraction, irradiation by UV photons,
X-rays, or high fluxes of cosmic rays, turbulence, and the pas-
sage of shock waves. In order to model the chemistry of portions
of clouds at higher temperatures, such as hot cores in the range
100–300 K, there is a need to include both weakly endothermic
reactions and those with moderate activation energy barriers,
often known as high-temperature reactions. Some reactions of
these types have been included in modern studies of hot cores
and corinos (Garrod et al. 2008) and these and others are listed in
the RATE06 catalog (see http://www.udfa.net/). As the temper-
ature gets still higher, more reactions of these types are needed
to model the chemistry successfully.
Inner regions of protoplanetary disks can reach temperatures
in excess of 1000 K, and the chemistry of these regions has
become a topic of extreme interest, with models by many au-
thors (e.g., Markwick et al. 2002; Gorti & Hollenbach 2008;
Agúndez et al. 2008; Nomura et al. 2009; Woods & Willacy
2009; Glassgold et al. 2009; Woitke et al. 2009). Agúndez et al.
(2008) have discussed some of the high-temperature reactions
in their protoplanetary disk model. Other authors have used
the RATE06 catalog with some additions. High temperatures
can also be reached in accretion disks of active galactic nuclei
(AGNs), as discussed in Section 4. Many high-temperature re-
actions have been included in shock models, where temporary
temperatures after the shock front passes can reach 4000 K.
Given the relatively short period of high temperature for most
shocks, reactions involving H2 are of extreme importance even
if they involve barriers. For example, gas-phase water can be
produced by the hydrogenation of oxygen atoms (Elitzur & de
Jong 1978; Neufeld & Dalgarno 1989; Bergin et al. 1998). Ele-
vated temperatures in the interstellar medium can also be found
in photon-dominated regions (PDRs) and X-ray-dominated re-
gions (XDRs). Indeed, the modeling of PDRs remains a major
topic of study (for model comparison, see Röllig et al. 2007),
while XDRs are also of high interest (Maloney et al. 1996;
Meijerink & Spaans 2005; Stäuber et al. 2005; Meijerink et al.
2007).
Although it is clear that the chemistry of high-temperature re-
gions has been studied, there appears to be no general gas-phase
network involving both simple and complex molecules that can
be used for different types of sources. In this paper, we present
what we believe to be the first general network of this type.
To create it, we extended our gas-phase Ohio State University
(OSU) network (see http://www.physics.ohio-state.edu/∼eric/)
by the inclusion of reactions with barriers, and the addition and
modification of other reactions so that we can model the chem-
istry properly up to 800 K. The network is purely a gas-phase
one, with the exception of the formation of molecular hydrogen,
and so is not appropriate for hot cores, where much of the chem-
istry derives from surface processes on warming grains (Garrod
et al. 2008).
The rest of this paper is organized as follows. We discuss the
higher-temperature reaction network in Section 2 and briefly
look at the major effects of higher temperatures in Section 3.
We then report an application of the new network in Section 4:
specifically, we look at the chemistry as a function of radius
from the central black hole in an accretion disk of an AGN. We
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ABSTRACT
We present an extended version of the two-phase gas–grain code NAUTILUS to the three-phase
modelling of gas and grain chemistry of cold cores. In this model, both the mantle and the
surface are considered as chemically active. We also take into account the competition among
reaction, diffusion and evaporation. The model predictions are confronted to ice observations
in the envelope of low-mass and massive young stellar objects as well as towards background
stars. Modelled gas-phase abundances are compared to species observed towards TMC-1 (CP)
and L134N dark clouds. We find that our model successfully reproduces the observed ice
species. It is found that the reaction–diffusion competition strongly enhances reactions with
barriers and more specifically reactions with H2, which is abundant on grains. This finding
highlights the importance having a good approach to determine the abundance of H2 on grains.
Consequently, it is found that the major N-bearing species on grains go from NH3 to N2 and
HCN when the reaction–diffusion competition is taken into account. In the gas phase and
before a few 105 yr, we find that the three-phase model does not have a strong impact on the
observed species compared to the two-phase model. After this time, the computed abundances
dramatically decrease due to the strong accretion on dust, which is not counterbalanced by the
desorption less efficient than in the two-phase model. This strongly constrains the chemical
age of cold cores to be of the order of few 105 yr.
Key words: astrochemistry – molecular processes – ISM: abundances – ISM: clouds – ISM:
molecules.
1 IN T RO D U C T I O N
Interstellar grains play a central role in the physics of the interstellar
medium. These grains are responsible for the observed extinction
of the starlight (Trumpler 1930) and provide shielding, allowing an
increase of the molecular complexity in dense regions. They are
also known to act as catalysts for reactions, the most important one
leading to the formation of H2 (Gould & Salpeter 1963). In dense
and shielded regions, icy mantles are known to form around dust
grain cores via accretion of gas-phase species followed by chemical
reactions at the surface of the grains. Observations of these mantles
have shown that they mostly consist of amorphous water, carbon
monoxide, carbon dioxide, methanol, ammonia and methane (see
the review of Boogert, Gerakines & Whittet 2015). Although diffi-
cult to identify, several other compounds are thought to be present
and formed on the surface of those grains. In particular, the ob-
served gas-phase abundance of complex molecules in star-forming
environments seems tightly linked to the physical and chemical pro-
⋆ E-mail: ruaud@obs.u-bordeaux1.fr
cesses occurring in the solid state (see the review of Herbst & van
Dishoeck 2009). However, the recent detection of molecules such as
methyl formate or dimethyl ether in cold regions (Cernicharo et al.
2012; Bacmann et al. 2012) has challenged models and brought
some authors (see e.g. Balucani, Ceccarelli & Taquet 2015) to re-
assess the relative contribution of gas-phase reactions compared to
grain chemistry. Although the relative contribution of gas-phase and
grain surface chemistry on the formation of the most complex or-
ganic molecules is still unclear, it seems well established that grains
play a crucial role even at low temperature. This is the case for the
formation of methanol for example for which gas-phase chemistry
cannot alone explain its observed abundances (Garrod et al. 2006;
Geppert et al. 2006). Modelling the formation and the evolution
of these icy grains is therefore essential if we aim at studying the
chemistry of dense and cold regions.
A number of studies have addressed this link by coupling the gas-
phase chemistry to the solid phase using various numerical meth-
ods with different degrees of complexity and refinement. The four
usually employed approaches are: (1) the rate equation approach
(D’Hendecourt, Allamandola & Greenberg 1985; Hasegawa, Herbst
& Leung 1992; Caselli, Hasegawa & Herbst 1998), (2) the master
C⃝ 2016 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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The temperature of the ion and neutral fluids, Ti and Tn, are es-
timated as in Sect. 2.
Appendix B: Sputtering of grains. Silicon, CH3OH,
and H2O fractional abundances
Th sputtering of grains has been calculated by considering dif-
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where np and mp are the number density and mass of the pro-
jectile, respectively, and s and x are related to vd, Tn and the
projectile impact energy Ep through s2 =
mpv2d
2kTn
and Ep = x2kTn.
The angle-averaged sputtering yield at low energies ⟨Y(E)⟩θ
for the mantles can be approximated by ⟨Y(E)⟩θ≈2Y(E, θ = 0)
(Draine 1995), where the normal-incidence yield Y(E, θ = 0) is
calculated as (Eq. (31); Draine & Salpeter 1979)
Y(E, θ = 0) = A
(ε − ε0)2
1 + (ε/30)4/3
, ε > ε0, (B.2)
where A is a constant (A ≈ 8.3 × 10−4), and ε and ε0 are cal-
culated as ε = ηEp/U0 and ε0 = max[1, 4η]. There, U0 is the
binding energy (per atom or molecule), and η is derived by do-
ing η = 4ξmpMt(mp+Mt)−2, where Mt is the target mass and ξ is
an efficiency factor that varies from 0.8 (for ices) to 1 (for atomic
solids; Draine & Salpeter 1979). The value of xth, which is re-







For the grain cores, we have used the sputtering yield calcu-
lated by May et al. (2000) for the impact of atomic species on
olivine cores. The sputtering yield is derived from
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In each collision between projectile and grain, only a low
fraction of silicon, qm, and CH3OH, rm, will be ejected from the
mantles (qm = 1.4 × 10−4 and rm = 1.4 × 10−2; see Sect. 3.1).
Analogously, only a fraction of silicon, qc, will be released from
the cores (qc = 0.2 for H2 and qc = 1 for the rest of colliding
particles; see Sect. 3.2). If we assume a grain density ng, the total





































where m and c denotes the sputtering rate for the mantles and
the cores.
By using Euler’s algorithm, we calculate the total volume
density of H2O, CH3OH, and Si ejected from grains in each
plane-parallel slab of material i within the shock as





















where ∆t = (ti+1−ti). In this case, the flow time at the slab of ma-
terial i + 1, ti+1, is numerically calculated as in Appendix A (see





The fractional abundance of silicon, H2O, and CH3OH is finally
derived by doing χ(m) = n(m)/n(H2) in each slab of material.
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(1015 cm 2) (10 6) (1013 cm 2) (10 2) (10 8) (1013 cm 2) (10 2) (10 8)
B0d 1.5 1.5 2.6 1.7 2.6 2.5 1.6 2.5
B1a 1.9 1.9 10. 5.3 10. 3.2 1.7 3.2
B1b 2.1 2.1 5.3 2.5 5.3 3.8 1.8 3.8
B2a 2.7 2.7 9.9 3.7 9.9 8.0 3.0 8.0
B2b 1.6 1.6 6.6 4.2 6.6 5.5 3.5 5.5
B2d 2.1 2.0 8.0 3.9 7.9 7.5 3.6 7.5
Note.—For the three molecules studied in depth, the column densities calculated through radex are given
at each region that coincides with Paper I CSO pointings, along with the enhancement relative to CH3OH and
overall abundance relative to H2. Errors, as described in Paper I, are calculated to be  32%
with generally larger o sets observed at distances
further from L1157-mm (Table 4). There is also a
small, blue wing with a width of ⇤4 km s 1 ob-
served towards B1 and B0a, c, d, and e. Since B1
is located at the apex of the bow shock, this wing
may originate from the terminal velocity of the
shock as it propagates into cold, dense, unshocked
material.
The reported column density for CH3OH is
the SNR-weighted average of the individual col-
umn densities derived per transition using radex.
The column densities remained fairly consistent
for the various regions, being on the order of ⇤1.5-
2.7⇥1015 cm 2. Similarly, the abundances relative
to hydrogen are estimated to be ⇤1.5-2.7⇥10 6,
with the highest abundances toward B2a. These
are displayed in Table 3. These values are consis-
tent with the results of Paper I, which obtained
column densities of ⇤3⇥1015 cm 2 from CSO ob-
servations towards B1 and B2. The small di er-
ences in column densities may be attributed to
Paper I’s use of a two-component fit in the radex
analysis, as well as some of the extended emis-
sion from CH3OH in the cooler component be-
ing resolved out by CARMA’s beam. Given the
general agreement with previous observations, we
will study the abundance enhancement of other
observed molecules relative to methanol.
3.2.2. HCN
HCN has been detected in all clumps studied
in L1157B, as well as the stellar source. Velocity
o sets of HCN (1-0) were observed to be slightly
blueshifted to the systemic velocity, but with no
significant gradient over distance from L1157-mm
observed. As seen in Figure 3, the three hyper-
fine components are clearly resolved, and we re-
port two anomalous features.
First, the F = 0   1 hyperfine component is
seen to be broadened and contains a prominent
blueshifted wing toward most clumps in B0 and
B1, as seen in previous observations of this line
(Benedettini et al. 2007). This component is as-
sociated with the g2 component observed in CO
(Lefloch et al. 2012) as well as in HCO+ in our ob-
servations. Here, the lower-frequency edge of the
blue wing was set by where the morphology of the
line emission significantly changed before the peak
of the F = 0  1 transition. The integrated HCN
(1-0) emission in the velocity range of -15 to -4 km
s 1, with respect to the F = 0  1 hyperfine com-
ponent, is shown in Figure 4 overlaid on HCO+
emission within this velocity range. This veloc-
ity component clearly maps to the apex and east-
ern wall of C2 and is notably absent toward B2.
This may imply that the wing emission originates
from the shock as it propagates through the semi-
processed material between C1 and C2, and thus
has not been significantly slowed down. This is
further evidenced by SiO emission, which displays
11
Table 3






(1015 cm 2) 6 (1013 cm 2) (10 2) (10 8)
B0d 1.5 1 5 6 7 2.6 2.5 1.6 2.5
B1a 1.9 .9 10. 5 3 10. 3.2 1.7 3.2
B1b 2.1 2 1 5 3 2 5 5.3 3.8 1.8 3.8
B2a 2.7 2 7 9 9 7 9.9 8.0 3.0 8.0
B2b 1.6 1 6 6 4 2 6.6 5.5 3.5 5.5
B2d 2.1 2 0 8 0 9 7.9 7.5 3.6 7.5
Note.—For three molecules studied in depth, t e column densities calculated through radex are given
at each regio that coincides wi Paper I CSO pointings, along with the enhancement relative to CH3OH and
ver ll abundance rel tive to H2. Errors, as described in Paper I, are calculated to be  32%
with generally larger o sets observed at distances
further from L1157-mm (Table 4). There is also a
small, blue wing with a width of ⇤4 km s 1 ob-
served towards B1 and B0a, c, d, and e. Since B1
is located at the apex of the bow shock, this wing
may r ginate from the terminal velocity of the
shock as it propagates into cold, dense, unshocked
material.
The reported column density for CH3OH is
the SNR-weighted average of the individual col-
umn densities derived per transition using radex.
The column de sities remained fairly consistent
for the various regions, being on the order of ⇤1.5-
2.7⇥1015 cm 2. Similarly, the abundances relative
to hydrogen are estimated to be ⇤1.5-2.7⇥10 6,
ith the highest abundances toward B2a. These
are displayed in Table 3. These values are consis-
tent with the results of Paper I, which obtained
column densities of ⇤3⇥1015 cm 2 from CSO ob-
servations towa ds B1 and B2. The small di er-
ences in column densities may be attributed to
Paper I’s use of a two-component fit in the radex
analysis, as well as some of the extended emis-
sion from CH3OH in the cooler component be-
ing resolved out by CARMA’s beam. Given the
general agreement with previous observations, we
will study the abundance enhancement of other
observed molecules relative to methanol.
3.2.2. HCN
HCN has been detected in all clumps studied
in L1157B, as well as the stellar source. Velocity
o sets of HCN (1-0) were observed to be slightly
blueshif ed o the systemic velocity, but with no
significant gradient over distance from L1157-mm
observed. As seen in Figure 3, the three hyper-
fin components are clearly resolved, and we re-
port two anomalous features.
First, th F = 0   1 hyperfine component is
seen to be broadened and contains a prominent
blueshifted wing toward most clumps in B0 and
B1, as seen in previous observations of this line
(Benedettini et al. 2007). This component is as-
sociated with the g2 component observed in CO
(Lefloch et al. 2012) as well as in HCO+ in our ob-
s rvations. Here, the lower-frequency edge of the
blue win was set by where the morphology of the
line emission significantly changed before the peak
of the F = 0  1 transition. The integrated HCN
(1-0) emission in the velocity range of -15 to -4 km
s 1, with r spect to the F = 0  1 hyperfine com-
ponent, is shown in Figure 4 overlaid on HCO+
emission within this velocity range. This veloc-
ity component clearly maps to the apex and east-
ern wall of C2 and is notably absent toward B2.
This may imply that the wing emission originates
from t e shock as it propagates through the semi-
processed ma erial between C1 and C2, and thus
has not been significantly slowed down. This is
further evidenced by SiO emission, which displays
11
Adapted from Burkhardt et 
l. 2016
Results – HNCO
Andrew Burkhardt ISMS 2017
Table 3









(1015 cm 2) (10 6) (1013 cm 2) (10 2) (10 8) (1013 cm 2) (10 2) (10 8)
B0d 1.5 1.5 2.6 1.7 2.6 2.5 1.6 2.5
B1a 1.9 1.9 10. 5.3 10. 3.2 1.7 3.2
B1b 2.1 2.1 5.3 2.5 5.3 3.8 1.8 3.8
B2a 2.7 2.7 9.9 3.7 9.9 8.0 3.0 8.0
B2b 1.6 1.6 6.6 4.2 6.6 5.5 3.5 5.5
B2d 2.1 2.0 8.0 3.9 7.9 7.5 3.6 7.5
Note.—For the three molecules studied in depth, the column densities calculated through radex are given
at each region that coincides with Paper I CSO pointings, along with the enhancement relative to CH3OH and
overall abundance relative to H2. Errors, as described in Paper I, are calculated to be  32%
with generally larger o sets observed at distances
further from L1157-mm (Table 4). There is also a
small, blue wing with a width of ⇤4 km s 1 ob-
served towards B1 and B0a, c, d, and e. Since B1
is located at the apex of the bow shock, this wing
may originate from the terminal velocity of the
shock as it propagates into cold, dense, unshocked
material.
The reported column density for CH3OH is
the SNR-weighted average of the individual col-
umn densities derived per transition using radex.
The column densities remained fairly consistent
for the various regions, being on the order of ⇤1.5-
2.7⇥1015 cm 2. Similarly, the abundances relative
to hydrogen are estimated to be ⇤1.5-2.7⇥10 6,
with the highest abundances toward B2a. These
are displayed in Table 3. These values are consis-
tent with the results of Paper I, which obtained
column densities of ⇤3⇥1015 cm 2 from CSO ob-
servations towards B1 and B2. The small di er-
ences in column densities may be attributed to
Paper I’s use of a two-component fit in the radex
analysis, as well as some of the extended emis-
sion from CH3OH in the cooler component be-
ing resolved out by CARMA’s beam. Given the
general agreement with previous observations, we
will study the abundance enhancement of other
observed molecules relative to methanol.
3.2.2. HCN
HCN has been detected in all clumps studied
in L1157B, as well as the stellar source. Velocity
o sets of HCN (1-0) were observed to be slightly
blueshifted to the systemic velocity, but with no
significant gradient over distance from L1157-mm
observed. As seen in Figure 3, the three hyper-
fine components are clearly resolved, and we re-
port two anomalous features.
First, the F = 0   1 hyperfine component is
seen to be broadened and contains a prominent
blueshifted wing toward most clumps in B0 and
B1, as seen in previous observations of this line
(Benedettini et al. 2007). This component is as-
sociated with the g2 component observed in CO
(Lefloch et al. 2012) as well as in HCO+ in our ob-
servations. Here, the lower-frequency edge of the
blue wing was set by where the morphology of the
line emission significantly changed before the peak
of the F = 0  1 transition. The integrated HCN
(1-0) emission in the velocity range of -15 to -4 km
s 1, with respect to the F = 0  1 hyperfine com-
ponent, is shown in Figure 4 overlaid on HCO+
emission within this velocity range. This veloc-
ity component clearly maps to the apex and east-
ern wall of C2 and is notably absent toward B2.
This may imply that the wing emission originates
from the shock as it propagates through the semi-
processed material between C1 and C2, and thus
has not been significantly slowed down. This is
further evidenced by SiO emission, which displays
11
Table 3






(1015 cm 2) 6 (1013 cm 2) (10 2) (10 8)
B0d 1.5 1 5 6 7 2.6 2.5 1.6 2.5
B1a 1.9 .9 10. 5 3 10. 3.2 1.7 3.2
B1b 2.1 2 1 5 3 2 5 5.3 3.8 1.8 3.8
B2a 2.7 2 7 9 9 7 9.9 8.0 3.0 8.0
B2b 1.6 1 6 6 4 2 6.6 5.5 3.5 5.5
B2d 2.1 2 0 8 0 9 7.9 7.5 3.6 7.5
Note.—For three molecules studied in depth, t e column densities calculated through radex are given
at each regio that coincides wi Paper I CSO pointings, along with the enhancement relative to CH3OH and
ver ll abundance rel tive to H2. Errors, as described in Paper I, are calculated to be  32%
with generally larger o sets observed at distances
further from L1157-mm (Table 4). There is also a
small, blue wing with a width of ⇤4 km s 1 ob-
served towards B1 and B0a, c, d, and e. Since B1
is located at the apex of the bow shock, this wing
may r ginate from the terminal velocity of the
shock as it propagates into cold, dense, unshocked
material.
The reported column density for CH3OH is
the SNR-weighted average of the individual col-
umn densities derived per transition using radex.
The column de sities remained fairly consistent
for the various regions, being on the order of ⇤1.5-
2.7⇥1015 cm 2. Similarly, the abundances relative
to hydrogen are estimated to be ⇤1.5-2.7⇥10 6,
ith the highest abundances toward B2a. These
are displayed in Table 3. These values are consis-
tent with the results of Paper I, which obtained
column densities of ⇤3⇥1015 cm 2 from CSO ob-
servations towa ds B1 and B2. The small di er-
ences in column densities may be attributed to
Paper I’s use of a two-component fit in the radex
analysis, as well as some of the extended emis-
sion from CH3OH in the cooler component be-
ing resolved out by CARMA’s beam. Given the
general agreement with previous observations, we
will study the abundance enhancement of other
observed molecules relative to methanol.
3.2.2. HCN
HCN has been detected in all clumps studied
in L1157B, as well as the stellar source. Velocity
o sets of HCN (1-0) were observed to be slightly
blueshif ed o the systemic velocity, but with no
significant gradient over distance from L1157-mm
observed. As seen in Figure 3, the three hyper-
fin components are clearly resolved, and we re-
port two anomalous features.
First, th F = 0   1 hyperfine component is
seen to be broadened and contains a prominent
blueshifted wing toward most clumps in B0 and
B1, as seen in previous observations of this line
(Benedettini et al. 2007). This component is as-
sociated with the g2 component observed in CO
(Lefloch et al. 2012) as well as in HCO+ in our ob-
s rvations. Here, the lower-frequency edge of the
blue win was set by where the morphology of the
line emission significantly changed before the peak
of the F = 0  1 transition. The integrated HCN
(1-0) emission in the velocity range of -15 to -4 km
s 1, with r spect to the F = 0  1 hyperfine com-
ponent, is shown in Figure 4 overlaid on HCO+
emission within this velocity range. This veloc-
ity component clearly maps to the apex and east-
ern wall of C2 and is notably absent toward B2.
This may imply that the wing emission originates
from t e shock as it propagates through the semi-
processed ma erial between C1 and C2, and thus
has not been significantly slowed down. This is
further evidenced by SiO emission, which displays
11
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Going Forward
Ø Surveys of shocked outflows 
Ø Constrain time-dependence (radial/source age)
Ø Test whether distributions are “physical” or
“chemical”
Ø Robustly constraining time-sensitive tracers
Ø Inclusion of more detailed networks to study
Ø Multiple shock-events (recent history)
Ø Shocks within classic “warm up model”
(Burkhardt et al. 2016)
Andrew Burkhardt ISMS 2017
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Observations
Ø Supplementary CARMA data 
toward L1157B from search 
for NH2OH (McGuire et al. 2015)
Andrew Burkhardt
Transitions and parameters accessible at 
www.splatalogue.net (Remijan et al. 2007)
Table 1
Targeted CARMA Transitions
Molecule Transition   Eu Beam RMS (⇥)
(GHz) (K) (arcsec2) (mJy beam 1)
CH3OH
(methanol)
2 1,2   1 1,1 96.73936(5) 12.9
6.⇥⇥03 ⇥ 5.⇥⇥53 8.520,2   10,1 + + 96.74138(5) 6.920,2   10,1 96.74455(5) 20.1
21,1   11,0 96.75551(5) 28.0
HCN
(hydrogen cyanide)
J = 1  0, F = 1  1 88.63042(2) 4.25
3.⇥⇥45 ⇥ 3.⇥⇥27 4.8J = 1  0, F = 2  1 88.63185(3) 4.25
J = 1  0, F = 0  1 88.63394(3) 4.25
HCO+
(formylium) J = 1  0 89.18853(4) 4.28 3.
⇥⇥39 ⇥ 3.⇥⇥23 5.1
HNCO
(isocyanic acid) J = 40,4   30,3 87.92524(8) 10.6 3.
⇥⇥50 ⇥ 3.⇥⇥28 7.0
Note.—The resolved quantum numbers and frequencies of each transition are listed. Also in-
cluded are the synthesized beam sizes and approximate rms levels for each window, where no spectral
binning was performed. Transitions and parameters accessible at www.splatalogue.net (Remijan et
al. 2007). Catalogued at CDMS (Müller et al. 2005). and JPL (Pickett et al. 1998)
define three new clumps: B0k and B0  using the
HCO+ emission, and B2d using the HNCO emis-
sion. The coordinates and dimensions of the re-
gions used are defined in Table 2. Also in Ta-
ble 2, we list the region used to extract the
spectra toward the gas surrounding L1157-
mm, whose position was determined by
Gueth et al. (1997). While the source size
is likely much smaller than the region used,
the size and shape were chosen for compar-
ison to clumps in outflow. Figure 2 shows the
integrated line emission of CH3OH 2k-1k, HCN (1-
0), HCO+ (1-0), and HNCO (40,4 30,3), with the
elliptical regions overlaid.
3.1.3. CH3OH
CH3OH 2k-1k displays a clumpy structure that
is consistent with the previous observations by
Benedettini et al. (2007). In our newly-assigned
clumps of B0k, B0 , and B2a, we detect emis-
sion, although the clumps are not as prominent
in CH3OH emission as in HNCO and HCO+. As
has been found in previous observations, CH3OH
emission is generally observed to be brighter on
the western side of B1, and has significant emis-
sion along the ridge in B0.
3.1.4. HCN
HCN (1-0) shows structure similar to CH3OH,
with significant clumping evident throughout
L1157B. However, whereas CH3OH produces
stronger emission on the western wall of the C2
cavity (i.e. in B1b, B0d, B0b), HCN emission is
strongest on the eastern wall of C2 (i.e. in B1a,
B0e, and B0a). This trend was also reported in
Benedettini et al. (2007). Significant structure is
also seen outside of these clumps that is not seen
in other molecules, especially toward the eastern
wall of B0, with an arm protruding to the east
of B0. This structure has been observed previ-
ously in SiO (5-4) as an “arc-like” structure to
the east of the U-shape of C2 (Gómez-Ruiz et al.
2013). HCN (1-0) has stronger emission toward
the eastern clumps of B1, unlike CH3OH, which
is consistent with the chemical segregation previ-
ously observed (Benedettini et al. 2007). In B2,
5
of condensed-phase NH2OH formed at low temperatures is
liberated en masse into the gas phase prior to its release by
thermal mechanisms.
Shocked regions displaying high degrees of molecular
complexity likely represent this best-case scenario. In these
regions, complex molecules are formed efficiently in ices at
low temperatures, but are not otherwise liberated into the gas
phase except by thermal desorption at much greater tempera-
tures. When these ices are subjected to shocks, however, the
mantle is non-thermally ejected into the gas phase, resulting in
large abundances of relatively cool (Trot < 100 K), complex
organic material (see, e.g., Requena-Torres et al. 2006). One of
the most prominent of these regions is the young protostellar
outflow L1157. Numerous recent studies report high degrees of
molecular complexity arising from shocked regions within the
outflow, which originates in cold, quiescent gas around the
protostar (see, e.g., Arce et al. 2008 and Codella et al. 2015).
Here, we present deep searches for NH2OH using the
Caltech Submillimeter Observatory (CSO) t λ = 1.3 mm and
the Combined Array for Research in Millimeter-wave Astron-
omy (CARMA) at λ = 3 mm toward the L1157 outflow. We
report non-detections of NH2OH in both searches. In order to
derive upper limits to the column density of NH2OH, we use
transitions of CH3OH observed with the CSO to constrain the
kinetic temperature and density in the shocked gas using a
radiative-transfer approach, and CARMA images of CH3OH
and HNCO to determine the size of the shocked gas. Finally,
we estimate upper limits to the abundance of NH2OH and
discuss possible implications.
2. L1157
L1157 is a dark cloud in Cepheus located at a distance of
∼250 pc (Looney et al. 2007) which contains a prototypical
shocked bipolar outflow from a Class 0 protostar. It has been
the subject of great interest in the last 20 years, with numerous
studies investigating the physical conditions within the source.
Due to the variety of methods used in these studies, direct
comparisons between their results are challenging. Never-
theless, an overall picture does arise, and this general
de cription will be sufficient for the discussion presented here.
Originating in the cold, quiescent gas (T ∼ 13 K, Bachiller
et al. 1993) surrounding the Class 0 protostar L1157-mm, the
southern lobe of the accelerated outflow (T ∼ 50–100 K;
Bachiller et al. 1993) has undergone two major shocks, referred
to as L1157-B1 and L1157-B2. The B1 shock is younger and
warmer (∼2000 years, Tkin ∼ 80–100 K) than the B2 shock
(∼4000 years, Tkin ∼ 20–60 K), and many complex chemical
species are observed in enhanced abundance toward both
shocks due to non-thermal desorption from grains (Mendoza
et al. 014; Codella et al. 2015). While the absolute values of
these physical parameters vary somewhat within the literature,
this qualitative picture and enhancement in chemical abun-
d nce is consistently reported.
3. CSO OBSERVATIONS
The spectrum toward L1157 obtained with the CSO was
collected over eight nights in 2012 July–September, and seven
nights in 2014 September and December. The telescope was
pointed at the B1 shocked region at α(J2000) = 20h39m07 7, δ
(J2000) = 68°01′15 5 and the B2 shocked region at α
(J2000) = 20h39m13s, δ(J2000) = 68°00′37″ (see Figure 1), and
spectra were adjusted to a vLSR = 1.75 km s−1. A small subset
of scans toward B1 were obtained at a second position offset by
−4″ in declination. The CSO 230/460 GHz sidecab double-
ideband (DSB) heterodyne receiver was used in fair weather
(τ220 = 0.1–0.25) resulting in typical system temperatures of
300–500 K. The backend was a fast Fourier-transform spectro-
meter which provided 1 GHz of DSB data at 122 kHz
resoluti n (∼0.2 km s−1 at 230 GHz). The total frequency
coverage was 188–193, 200–205, 237–243, and 249–255 GHz
toward B1, and 237–243 and 249–255 GHz toward B2. The
targeted transitions of NH2OH are given in Table 1.
A chopping secondary mirror with a throw of 4′ was used for
ON-OFF calibration. Pointing was performed every ∼2 hr and
typically converged to within 1″–2″. The raw data were
calibrated using the standard chopper wheel calibration method
resulting in intensities on the atmosphere-corrected *TA
temperature scale. These were then corrected to the main beam
temperature scale, Tmb, where * T T .mb A mb For these
observ tions, the main beam efficiency was ηb = 0.70. The
spectra were collected in DSB mode at a variety of IF settings
to allow for a robust deconvolution. The CLASS package from
the GILDAS suite of programs7 was used for the data
reduction. Spurious signals were removed from the spectra,
which were then baseline subtracted using a polynomial fit. The
standard CLASS deconvolution routine was used to generate
single-sideband data. The spectra were then Hanning smoothed
to a resolution of ∼1.4 km s−1. The average FWHM linewidth
in B1 was ∼7.9 km s−1, and in B2 was ∼5.2 km s−1.
Figure 1. CARMA observations of CH3OH and HNCO toward L1157.
Contours are an integrated Moment 0 map of the 2 1,2– 1 ,1,1 20,2–10,1++, and
20,2–10,1 transitions (Eu = 12.5 K, 7 K, and 20.1 K, respectively) of CH3OH at
contour levels of 0.16, 0.32, 0.49, 0.66, and 0.82 Jy beam−1. These are overlaid
on an integrated Moment 0 map of the 40,4–30,3 transition of HNCO spanning 0
 0.025 Jy beam−1 in a single color cycle. The HNCO transitions trace the
warmer, compact shocks, while the CH3OH transitions reveal the overall
structure of the colder, diffuse outflow. The location of the two targeted
observations of B1 and B2 with the CSO are shown as dashed white lines,
approximately equal to the CSO beam size (∼30″) at the observed frequencies.
7 Institut de Radioastronomie Millimétrique, Grenoble, France—http://www.
iram.fr/IRAMFR/GILDAS
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Ø~90 hr in C, D, & E config.
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Can compare shock enhancements of 
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Ø Previously reported in literature with 
for most species (Benedettini et al. 2007)
Ø W wall = liberation of grain species
Ø E wall = Destruction of complex species, Core sputtering (SiO)
ISMS 2017
Ø Proposed scenario for C2:
Ø Western wall is shocking cold, 
pristine material
Ø CH3OH, HNCO liberated off grains
Ø Eastern wall is interacting with 
pre-shocked material within C1
Ø HCN, HCO+ produced from destruction
of complex species in gas-phase
Ø SiO enhanced as bare grains shocked









Ø Enhancements observed for HCN, 
CH3OH, and HNCO toward B2
Ø Largest HNCO enhancement in galaxy
(RodrÍguez-Fernández et al. 2010; Mendoza et al. 2014)
Ø B2 = older è time-sensitive tracer?
Ø post-shock, gas-phase reactions
Ø Chemistry from enhanced O2 from ice 
(Bergin et al. 1998; Gusdorf et al. 2008)
Ø HNCO, proposed dominant pathways: 
a) initial grain erosion, then
b) high-temp gas phase rxs














of HNCO in B2
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(1015 cm 2) (10 6) (1013 cm 2) (10 2) (10 8) (1013 cm 2) (10 2) (10 8)
B0d 1.5 1.5 2.6 1.7 2.6 2.5 1.6 2.5
B1a 1.9 1.9 10. 5.3 10. 3.2 1.7 3.2
B1b 2.1 2.1 5.3 2.5 5.3 3.8 1.8 3.8
B2a 2.7 2.7 9.9 3.7 9.9 8.0 3.0 8.0
B2b 1.6 1.6 6.6 4.2 6.6 5.5 3.5 5.5
B2d 2.1 2.0 8.0 3.9 7.9 7.5 3.6 7.5
Note.—For the three molecules studied in depth, the column densities calculated through radex are given
at each region that coincides with Paper I CSO pointings, along with the enhancement relative to CH3OH and
overall abundance relative to H2. Errors, as described in Paper I, are calculated to be  32%
with generally larger o sets observed at distances
further from L1157-mm (Table 4). There is also a
small, blue wing with a width of ⇤4 km s 1 ob-
served towards B1 and B0a, c, d, and e. Since B1
is located at the apex of the bow shock, this wing
may originate from the terminal velocity of the
shock as it propagates into cold, dense, unshocked
material.
The reported column density for CH3OH is
the SNR-weighted average of the individual col-
umn densities derived per transition using radex.
The column densities remained fairly consistent
for the various regions, being on the order of ⇤1.5-
2.7⇥1015 cm 2. Similarly, the abundances relative
to hydrogen are estimated to be ⇤1.5-2.7⇥10 6,
with the highest abundances toward B2a. These
are displayed in Table 3. These values are consis-
tent with the results of Paper I, which obtained
column densities of ⇤3⇥1015 cm 2 from CSO ob-
servations towards B1 and B2. The small di er-
ences in column densities may be attributed to
Paper I’s use of a two-component fit in the radex
analysis, as well as some of the extended emis-
sion from CH3OH in the cooler component be-
ing resolved out by CARMA’s beam. Given the
general agreement with previous observations, we
will study the abundance enhancement of other
observed molecules relative to methanol.
3.2.2. HCN
HCN has been detected in all clumps studied
in L1157B, as well as the stellar source. Velocity
o sets of HCN (1-0) were observed to be slightly
blueshifted to the systemic velocity, but with no
significant gradient over distance from L1157-mm
observed. As seen in Figure 3, the three hyper-
fine components are clearly resolved, and we re-
port two anomalous features.
First, the F = 0   1 hyperfine component is
seen to be broadened and contains a prominent
blueshifted wing toward most clumps in B0 and
B1, as seen in previous observations of this line
(Benedettini et al. 2007). This component is as-
sociated with the g2 component observed in CO
(Lefloch et al. 2012) as well as in HCO+ in our ob-
servations. Here, the lower-frequency edge of the
blue wing was set by where the morphology of the
line emission significantly changed before the peak
of the F = 0  1 transition. The integrated HCN
(1-0) emission in the velocity range of -15 to -4 km
s 1, with respect to the F = 0  1 hyperfine com-
ponent, is shown in Figure 4 overlaid on HCO+
emission within this velocity range. This veloc-
ity component clearly maps to the apex and east-
ern wall of C2 and is notably absent toward B2.
This may imply that the wing emission originates
from the shock as it propagates through the semi-
processed material between C1 and C2, and thus
has not been significantly slowed down. This is
further evidenced by SiO emission, which displays
11
Ø Derived N & N/NH2 for H3OH, HCN, HNCO with RADEX
(Van der Tak et al. 2007)
Ø Physical constraints from CH3OH CSO observations (McGuire et al. 2015)
Ø Compared enhancement relative to CH3OH and H2
Ø HCN, s rong nhancement in East C2 and B2b
Ø HNCO displays trongest enhancements in galaxy in B2
AbGradCon 2017





















































-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]





















































-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]






















































-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]
HNCO
Ø -15 -> -4 km s-1 wings of HCN, 
HCO+ exclusively on East C2 
Ø Also, ~4 km s-1 wing seen for 
CH3OH, HNCO on West C2
Ø Supports E/W differentation scenario
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Ø 4th feature seen in HCN spectra
Ø Possibilities:
Ø Velocity shifted component?
Ø Hyperfine line ratios
Ø Different pecies?
Ø None as strong as HCN (1-0)
Ø Self-absorption?
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Ø 4th feature seen in HCN spectra
Ø Possibilities:
Ø Velocity shifted component?
Ø Hyperfine line ratios
Ø Different pecies?
Ø None as strong as HCN (1-0)
Ø Self-absorption?




















































-20-10 0 0 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]






















































-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]
-20-10 0 10 20
VLSR [km s 1]
HNCO
AbGradCon 2017
